Time-resolved cryoelectron microscopy reveals the first step in the conformational changes that enable membrane fusion in Semliki Forest virus. The neutral pH structure reveals a central cavity within the spike complex, plate-like extensions forming a layer above the membrane, and the paths of the paired transmembrane domains connecting the trimeric spikes and pentamer-hexamer clustered capsid subunits. Low pH treatment results in centrifugal movement of E2, the receptor-binding subunit, centripetal movement of E1 to narrow the central cavity initiating the formation of an E1 trimer, and the extension of the E1 fusion sequence toward the target membrane.
Introduction
Virus structure is a corn promise between ease of assembly and ease of disassembly. The virion must have the stability to protect its nucleic acid from the external environment while allowing the regulated disassembly that results in the delivery of that nucleic acid to the cell. Similarly, the environment of the cell must promote disassembly during the early stages of the infection cycle and assembly during the later stages. This situation is more complex for an enveloped virus, since its genome must be delivered across a cell membrane that remains intact to preserve the integrity of the cell and allow the production of new virus . Many enveloped viruses follow an entry pathway in which receptor-mediated endocytosis leads to exposure of the virion to the low pH of the endosome, triggering a conformational change in the virus envelope protein that mediates fusion with the endosomal membrane (White, 1992) . Viral fusion proteins are characterized by the presence of a fusion sequence, a short amphipathic region of the polypeptide chain that is believed to interact with the target membrane during fusion. The best-characterized virus fusion protein is the influenza hemagglutinin (HA) (Wiley and Skehel, 1987; Wilson et al., 1981) , for which detailed insights concerning the nature of the pH-induced conformational changes in the virion have been obtained (Baker and Agard, 1994; Bullough et al., 1994; Carr and Kim, 1993; Fuller, 1994) . This work does not allow us to follow events caused by low pH in the virion. Studies of enveloped viruses that maintain their icosahedral order after budding from the cell could provide this insight.
The alphaviruses, which include Semliki Forest virus (SFV), Ross River virus, and Sindbis virus, are among the best-characterized icosahedral enveloped viruses. Although three-dimensional crystals of alphaviruses have been obtained, they remain poorly diffracting, so that the best characterization of alphavirus structure has come from the combination of cryoelectron microscopy and image reconstruction. The alphaviruses have a simple and well-organized structure comprising a single lipid bilayer surrounding an icosahedral nucleocapsid that interacts with a complementary icosahedral arrangement of transmembrane spikes. The Semliki Forest virion contains only four proteins: the capsid protein, which forms the icosahedral nucleocapsid packaging the positive strand of RNA, and the three envelope proteins E1 (50,786 Da), E2 (51,855 Da), and E3 (11,369 Da). E1 and E2 are transmembrane glycoproteins with a single membrane-spanning domain . E1 and E2 have complementary functions. E2 is directly involved in receptor binding (Dubuisson and Rice, 1993; Salminen et al., 1992; Tucker and Griffin, 1991) . The presence of a conserved, sided helical sequence White, 1992 ) and a fusion block mutation within this sequence (Levy and Kielian, 1991) indicate that E1 carries the fusion activity (Kielian, 1994) .
The structural proteins of SFV are synthesized on membrane-bound polysomes from a single polycistronic message in the following order: capsid, E3, E2, and E1 . The autocatalytic cleavage of the capsid protein from the growing polyprotein frees the subsequent signal sequence to initiate translocation across the endoplasmic reticu lum (ER) membrane and releases the capsid protein to interact with the genomic RNA to form the nucleocapsid in the cytoplasm (Schlesinger and Schlesinger, 1986) . This is followed by the translocation of the E2-E3 precursor, p62, which forms a heterodimer with E1 in the lumen of the ER prior to its transport to the Golgi apparatus. At a late stage in its transport through the Golgi, p62 is cleaved at a dibasic sequence by a cellular protease to form E2 and E3 (Jain et al., 1991) . Site-directed mutagenesis has been used to show that this cleavage is not necessary for either transport to the cell surface or virus assembly. However, p62 cleavage must occur for efficient low pH-mediated fusion (Kenney et al., 1994; Salminen et al., 1992) . Delay of this cleavage until late during transport allows the spike to cross the low pH of the trans-Golgi network without inactivation. The small extrinsic E3 remains attached to the SFV spike after cleavage but is lost from most other alphaviruses and hence is believed to play no significant further role in later viral functions (Lobigs et al., 1990) .
Cryoelectron microscopy has been used to map the Io-cation of the spike proteins in the spike complex (V~nien-Bryan and Fuller, 1994) and to show the nature of the conformational change occasioned by the cleavage of p62 and the acquisition of fusion activity (Kenney et al., 1994) . The spike polypeptides are arranged as 80 trimeric spikes, (El E2E3)3 with T = 4 organization on the viral surface, that are approximately triangular in cross section. Although the detail in the higher resolution structures obscures the triangular shape, we will use the term spike triangle to ease the description of the location of various features in the reconstructions. Difference imaging localizes E1 to the edge of the spike triangle so that E2 must form the vertex and the central region of the spike (V6nien-Bryan and Fuller, 1994) , Comparison of SFV and Sindbis shows that E3 lies at the distal tip of the vertex between E1 and E2. The structure of the uncleaved form of the spike has been visualized by work on a mutant virion (SQL) in which the p62 cleavage site is altered. SQL virions acquire fusion activity and hence infectivity when the p62 cleavage is effected by trypsin treatment (Salminen et al., 1992) . The precursor spike has a structure in which the edge of the triangle is vacant, and additional mass is found at the vertex. Hence, cleavage of p62 appears to cause rearrangement of E1 from a distal position to a more central one, suggesting that the relative positions of E1 and E2 may control fusion activity. Biochemical and kinetic studies of the fusion activity of SFV have sketched an outline of the process (Bron et al., 1993; Kielian and Helenius, 1986; Kielian, 1994; Salminen et al., 1992; White et al., 1980) . Fusion is accomplished by a series of discrete kinetic steps that can be slowed by increasing the pH used to induce fusion or by lowering the temperature. Low pH first induces an alteration in the spike complex, which can be assayed by the exposure of specific conformational epitopes. This step is followed by a change in the oligomerization state of the spike proteins. The interaction between E1 and E2 is lost, and E1 later forms a very stable homotrimer. These early steps are followed by the interaction of the spike with the target membrane and the relatively slow completion of membrane fusion. The low pH state of the virus is not stable; incubation at low pH causes irreversible loss of the fusion activity of the spike.
The development of time-resolved methods of specimen preparation has extended the use of cryoelectron microscopy to allow the visualization of intermediates in dynamic processes (Berriman and Unwin, 1994) . Use of such time" resolved methods should allow us to visualize the threedimensional structure of the early intermediates in the pHinduced conformational change, provided that we can examine an intermediate that retains its icosahedral symmetry.
We have used time-resolved cryoelectron microscopy and icosahedral reconstruction to characterize the conformational change in the SFV spike that occurs during the first 50 ms of exposure of the virus to low pH. The conformational change in the spike is dramatic, as expected from the biochemical results. Several features of this conformational change were paradoxical in light of the previously available structures of the alphavirus spike complex and led us to generate a higher resolution map of the neutral pH form of the spike by using the higher quality data afforded by the use of a microscope equipped with a field emission gun. We report this higher resolution structure of the Semliki Forest virion and the conformational change that it undergoes upon exposure to low pH.
Results
The Multilayered Structure of the Virion A central section perpendicular to the threefold axis through the reconstruction of SFV at neutral pH is shown in Figure 1A , The 50 CM200 FEG images used for the complete reconstruction give a map with 22 .~, nominal resolution that is strikingly detailed. The regions corresponding to the RNA and the protein shell of the nucleocapsid, the lipid bilayer (L), and the spikes are clearly visible in Figure 1A . The relative densities of these regions are affected by the contrast transfer function of the microscope, and this must be corrected to allow the densities in different regions of the map to be compared. The transfer function was defined by using the positions of the Thon rings in the transformation of the micrograph and then corrected by means of a Wiener filter. The use of the radial density profile of the virus determined by X-ray diffraction (Fuller, 1987) to correct the transfer function gave similar results. Figure 1A compares the corrected (top) and the uncorrected (bottom) map for a central section. The corrected map is shown in all subsequent images. The high contrast of the features in the map makes the interpretation relatively insensitive to the correction of the transfer function.
The SFV Spike Is Divided into Distinct Domains
The previous three-dimensional reconstructions of SFV (Kenney et al., 1994; V~nien-Bryan and Fuller, 1994; Vogel and Provencher, 1988; Vogel et al., 1986) were all made from images taken at 80 kV on a microscope equipped with a conventional tungsten source. Images taken with a field emission source at 200 kV show substantially better phase contrast and transfer of information to higher resolution. This improvement in image quality has a twofold effect on the quality of the resulting reconstruction. Not only are higher resolution data present in the images, but the presence of the higher resolution components also allows a more accurate determination of the orientation of the individual images and hence a further increase in signal to noise ratio in the final reconstruction. The dramatic improvement in the quality of the result can be seen by the comparison of the surface representations of the virus structure in Figure 1B , which shows a threefold view of the virus from the previous (Kenney et al., 1994 ) SFV reconstruction, and that of Figure 1 C, which shows the corresponding view of the 50-particle reconstruction derived from the data collected with the field emission source. The spikes in these two reconstructions share an overall triangular appearance; however, the three bulges at the vertices of the spike in the previous reconstruction are now seen subdivided into pairs of domains separated by approximately 35 ~,. One domain forms the vertex of the V6nien-Bryan and Fuller, 1994) indicates that the domain at the vertex is a portion of E2, while that at the side must be part of El. Although this conclusion must be tempered by the possibility that the detergent treatment causes rearrangement of the spike, the demarcation of the two domains seen in the current map matches the boundary between E1 and E2 inferred from difference imaging. The center of the spike is noticeably lower than the vertices, which project almost 30 ,~, above it.
The higher resolution map shows new details within the spike density. Radial sections of the map show the relative placement of these features most clearly (see Figure 2 ). Six strong densities (see Figure 2B ) matching the paired domains in the distal region of the spike ( Figure 2A ) are resolved in the region of the map above the bilayer in the spike. A triangular cavity of roughly 30/~ diameter is seen at the center of the triangular outline of the base of the spike (see Figure 2B ). No density is seen between the roof of this cavity and the outer leaflet of the membrane, which is 46 ,~, away. The roof of the cavity is approximately 30 ~, thick at its narrowest point. A further previously unreported feature of the $FV spike is the presence of a layer of projecting plates forming a skirt that extends from the spike above the membrane. Previous reconstructions did not allow these plates to be resolved from each other and from the underlying bilayer. The present reconstruction shows a -2 5 A separation between the layer of plates and the bilayer ( Figure 1A ). A view of the surface along the twofold axis in which the tops of the projecting domains of the spikes have been removed (Figure 1 E) shows the nature of this plate domain. The identical twofold view with the projecting domains intact is shown in Figure 1D . The plates from the individual spikes form an interlocking surface penetrated by a large hole (40 ,~ in diameter) on the twofold position and a much smaller hole ( -15 ,~) at the fivefold position. There are also small holes seen near the bases of the spikes, which are larger when the plates of the spikes near the five folds interact with those from the three folds. The interaction of the plates confers nonequivalence on the spikes of the virus surface. The contacts between the spikes surrounding the fivefold axes are almost seamless, while those around the twofold axes show gaps. This lack of equivalent contacts corresponds to the change in curvature needed to form a T = 4 shell. The fivefold vertex is relatively flat, and hence, the spikes are sites of an abrupt change in curvature, while the looseness of the interactions around the two folds allows the surface to be more gently curved ( Figure 1E ).
Previous workers (Paredes et al., 1993) reported a lateral extension in their reconstruction of Sindbis virus, though its shape differed from that seen in Figure 1 , and it was not resolved from the underlying bilayer. More recent work on Ross River virus has also revealed a skirt that matches the details seen in the present SFV reconstruction (Cheng et al., 1995) . Although the plates had not been resolved from the membrane in previous maps of SFV, the corresponding feature can be seen in the maps of the detergent-treated virus (V6nien-Bryan and Fuller, 1994) . The observation that the plates seen in the present reconstruction match those of the El-depleted, detergenttreated virus suggests that the plate is primarily made from E2. The dimensions of the plate domain, which is less than 20 A thick and 40 ,~ by 20 ,~, in breadth, mean that its contribution to the mass of the spike is difficult to estimate. It could represent up to half of the mass of E2. on its surface both display T = 4 triangulation. Previous statements that the alphavirus capsid was T --3 (Fuller, 1987; Vogel and Provencher, 1988) or T = 4 dimer clustered (Paredes et al., 1993) were based on insufficient resolution in the map to separate the inner leaflet of the membrane from the capsid, so that the threefold nucleocapsid position appeared filled. A detailed comparison of the Sindbis virus capsid protein structure and the nucleocapsid seen in Ross River virion structure confirms the T = 4 arrangement of capsid protein monomers in the alphavirus capsid (Cheng et al., 1995) .
Pairs of Transmembrane Helices
The T --4 capsid and spike arrangements differ in that the capsid subunits are arranged with pentamer-hexamer clustering ( Figure 1F ), while the spike subunits are trimer clustered (E1E2E3)3. The connection between the spikes and the capsid is made via the cytoplasmic domains of the transmembrane spike proteins. The sequences of E1 and E2 each contain hydrophobic sequences near their carboxyl termini. In the case of El, this sequence is 24 residues in length and is followed by two basic residues that are the carboxyl terminus of the protein. E2 has a significantly larger carboxy-terminal domain (31 residues), which has been implicated in interaction with the capsid.
The connections between the capsid and the luminal domains of the spikes can be seen most easily in radial sections (Figure 2 ) of the virus, which allow direct visualization of superimposed features. Figure 2 shows a series of sections displaying the tops of the spikes (Figure 2A ), the cavity (Figure 2B ), the separated domains above the level of the skirt ( Figure 2C ), the joining of the skirt domains above the membrane ( Figure 2D ), the paired transmembrane regions running across the membrane ( Figure 2E ), and the connections to the capsid ( Figure 2F ). Contrast decreases at the positions of the head groups of the outer and inner leaflets. The transrnembrane domains are seen in Figure 2E as flattened tubes of density of -20 ~, width running between the bases of the spikes ( Figure 3A and 2D) and the capsid subunits ( Figures 3B, 3C , and 2F). The fact that the density appears as a flattened tube of this size indicates that the transmembrane regions of E1 and E2 cross the membrane as a pair emerging from the E l -E2 interface in the spike complex. All spikes show transmembrane regions sufficiently well ordered to be resolved; however, the connection to the pentamer cluster of capsid protein is closer to radial than that to the hexamer cluster, reflecting the different geometry of these contacts. The transmembrane domains of the spikes adjacent to the five fold ( Figure 3C ) are seen to lie parallel to the radius, while that on the three fold ( Figure 3B ) is tilted relative to the radius. This difference is also seen in the radial section of Figure 2E , where the transmembrane regions of the threefold spikes (outlined) are much farther from the spike center than those of the spikes adjacent to five folds. The positions of the fivefoid adjacent spikes equivalent to that in Figure 3C are marked in Figures 2A, 2E , and 2F by an asterisk. Figure 3D shows a cut surface representation of a threefold and a fivefold adjacent spike. The cavity and the relative positions of the transmembrane and skirt domains are easily visualized in this representation. Figure 3E shows surface representations of a radial wedge around a threefold spike revealing the capsid (green), bilayer (red), skirt domain (yellow), and projecting domain (blue), revealing the relative scale and placement of the features. The surfaces of these structures can be seen in tilted and exploded views in Figure 3F .
A Conformational Change Occurs in the Spike
Protein within 50 ms of Low pH Treatment SFV fusion has a threshold between pH 6.5 and pH 8.3 and is complete within a few seconds at 37°C (Bron et al., 1993; Justman et al., 1993; Kielian and Helenius, 1986; Kielian, 1994) . The earliest conformational changes are (E) The variation between reconstructions. The square of the difference density between two independent reconstructions of 50 ms-treated virus performed by method 4 is shown in red around the average reconstruction performed from 50 particles by method 4 using CM200 FEG data. The greatest departures from the average are seen near the extensions from the spike vertices. (F) A comparison of the neutral and low pH structures of the projecting domain of the spike. During the first 50 ms of treatment with low pH, the E2 polypeptide moves centrifugally, and the E1 polypeptide moves centripetally. A projection appears at the interface between E1 and E2. Cut side views are shown beneath and are colored as in Figure 3F . complete within the first second after low pH treatment. Treatment of virus with pH 5.0 buffer for 1 s at 37°C results in an aggregated preparation in which the surfaces of the virions appear uneven, as if proteins had undergone clustering ( Figure 4C) . A detailed description of the clustering on the surface would be very interesting; however, the loss of icosahedral organization makes it difficult to visualize this conformational change in detail. We need to work at earlier times after low pH treatment to preserve the symmetry of the virus.
We used a spray technique (Berriman and Unwin, 1994 ) to look at preparations that had been exposed to low pH for short periods. In brief, this method takes advantage of the time of fall ( -150 ms) between the point at which the grid is blotted and its entry into the ethane bath used for vitrification. A careful quantitative analysis of this method has been presented (Berriman and Unwin, 1994) . Diffusion is sufficiently rapid that a proton gradient will be dissipated within 20 ms after spraying. The 48 MDa SFV diffuses much more slowly than the protons, and hence, aggregation of virions is minimized at short times of treatment.
The results of the spraying are shown in Figure 4 for times between 6 ms and 50 ms. No significant change is seen in the 6 ms sample; however, the 25 ms and 50 ms sample show clear changes. The virus still looks ordered; however, the width of the lines on the virus surface (which reflect the lanes between the projecting domains of the spikes) appear narrower in the later samples. Images close to focus show that the lipid bilayer remains intact at all time points. There is some aggregation visible by the 50 ms time point, and in a few instances, projections can be seen from the distal surface of the spikes (Figure 4H) .
Low pH Treatment Results in Compensating Movements of E2 and E1
The four methods used for reconstruction of the low pH virion were based on different assumptions about the relationship between the neutral pH and the low pH structure (see Experimental Procedures) and were applicable to different fractions of the particles. The reason for this relatively unorthodox approach is that the details of the surface of the low pH-treated virus vary among the individual particles, although an average structure is well defined. This variation makes it difficult to employ methods that utilize the symmetry of the whole virus to determine orientations. Four reconstructions are shown in Figure 5 . Reconstructions at 25 ms and 50 ms of low pH treatment performed by method 1 with data from the EM400 are shown in Figures 5A and 5C, respectively. Reconstructions of 50 mstreated material performed with CM200 FEG data are shown in Figure 5B (method 3) and 5E (method 4). Comparison of the low and neutral pH structures at this resolution show a spreading of the spike at the region farthest from the membrane. Higher resolution reconstructions of a subset of the particles show an -2 0 .~ projection of the spike from a region near the E l -E 2 boundary and centrifugal movement of the spike triangle vertex, while the spike edge moves centripetally ( Figures 5B and 5E ). In each of the reconstructions, the capsid structure ( Figure  5D ) was well visualized in comparison with the relatively disordered spikes. Use of the capsid structure alone to determine orientations allowed orientation of 95% of the particles and produced an averaged map ( Figure 5E ) that shows the mean spike structure at low pH. The changes effected by low pH involve the portions of the spike assigned to E1 as well as that assigned to E2 ( Figure 5F ).
The simplest interpretation of the movements is that a portion of E2 moves away from the center (centrifugally), allowing E1 to move toward the center (centripetally) to form contacts there. The position of the base of E2 remains unchanged, and hence, the transmembrane region could remain in contact with the nucleocapsid. The skirts between the spikes, the membrane, and the capsid itself seem unaffected by the low pH treatment during the first 50 ms of acidification. Comparison of the side views of SFV at neutral pH and at low pH show that the major differences lie in the projecting region of the spike. Comparison of the cut open views of the low pH spike with that of the spike at neutral pH shows that the internal spike cavity becomes smaller but does not close completely in the low pH-treated samples. In particular, the base of the spike remains open.
The extent of the changes seen in the virus surface raises the possibility that disordering of the virus has proceeded too far to allow reliable orientations to be found for the particles, so that the reconstruction itself is unreliable. The use of four separate reconstruction methods makes this unlikely, since it allows the visualization of the average structure as well as its variation. The observation that the nucleocapsid structure and the positions of the spike centers remain constant between the reconstructions at neutral and low pH argue against a general disordering of the particles. The nucleocapsid density ( Figure 5D ) is a particularly good test of the quality of the preparation for two reasons. First, the fact that this feature is at low radius renders it more sensitive to increased noise and has indeed caused it to be misinterpreted as a T = 3 (by Fuller, 1987) or a T = 4 dimer clustered (by Paredes et al., 1993) arrangement. The nucleocapsid is sufficiently well resolved that the capsid subunits can be used to confirm the relative hand of the low pH structure. Second, the nucleocapsid shrinks upon exposure to low pH, and so the fact that it remains constant indicates that the viral membrane remains intact (Singh and Helenius, 1992) .
The fact that the variation between particles did not extend to the capsid made it possible to show that individual image fields showed differences in the amount of variation in the surface. Particles from all of the image fields could be oriented using the capsid; however, only particles from selected fields could be oriented by method 1, which was based on the assumption of similarity between the neutral pH and the low pH structure. This suggests that all particles do not experience low pH for the same length of time and that the differences between the 25 ms and 50 ms time points represent the progression of changes in the spike.
The presence of disorder causes some regions of the map to be less well defined than others. The relative degree of disorder can be inferred from the degree of departure from icosahedral symmetry in the density prior to averaging and from the variation between reconstructions made with subsets of particles. Figure 5E shows the deviations between two independent 25-particle reconstructions by method 4 as red density around the surface view of a 50-particle reconstruction of the low pH virus. This shows that the regions of greatest variation between parti: cles are in the extent of the movement of the spike vertex and the extension of the projection near the vertex. This explains the observation of low density features on the twofold and fivefold axes. The edges of the spikes are not a position of high variation, and hence, the movement toward the cavity center is a very consistent feature of the structure. The schematic drawing of Figure 5F compares the projecting domains of the spike before and after exposure to low pH.
Discussion
Structure of SFV at Neutral pH The higher resolution structure directly reflects the higher quality of the images obtained on the field emission gun microscope. The resolution achieved in an icosahedral reconstruction is often limited by the accuracy with which individual images are oriented. The higher signal to noise ratio in the current images allowed more accurate determination of their orientations, thus allowing the averaging that revealed higher resolution details. The fact that increasing image quality leads to such a substantial improvement suggests that the ordering of the virus itself was not the limiting factor in previous reconstructions and leaves open the possibility that further instrumental improvements will lead to further improvements in resolution.
The higher resolution structure of the neutral pH form reveals several features that are essential to the interpretation of the low pH-induced changes and to an understanding of the mechanism of virus assembly. These features include the location of the transmembrane domains in the spike trimer, the presence of a skirt that forms lateral interactions between spikes, and the existence of a cavity in the center of the spike. The clear visualization of these features clarifies a number of paradoxical points that arose from our previous understanding of the structure.
Virus Assembly
Assembly of an enveloped virus requires lateral sorting of membrane proteins (Fuller, 1987; Simons and Garoff, 1980) . The efficiency of this process can be seen from the fact that virus proteins typically form no more than 2% of the proteins on the cell surface, yet SFV budding excludes host proteins quantitatively. The skirts that form a network above the membrane of the mature virus could mediate lateral interactions among hexameric clusters of spikes on the cell surface prior to budding (Fuller, 1987) . Formation of such clusters would exclude host proteins and form a binding site for the hexameric clusters of capsid proteins with the E2 cytoplasmic tails. Envelopment would require the further formation of pentameric clusters of spikes to interact with the pentamer clusters of capsid proteins and hence a rearrangement of the hexameric spike clusters. Examining the arrangement of the skirts on the virion surface shows a reflection of this rearrangement. The contacts between skirts of the spikes around the fivefold axes appear quite tight, while gaps can be observed between the skirts of the threefold spike and its neighbors. Representations, such as Figure 1E , in which the projecting spike domains have been removed show the angle formed by the skirts at these positions.
The observation that the precursor E1p62 spike can form a virion has been interpreted as evidence that lateral interactions cannot play a significant role in surface assembly, since the projecting domain of the precursor is dramatically different from the mature spike. The skirt domains appear to be unchanged in the precursor, however, so that the lateral interactions would be conserved (Kenney et al., 1994; I. Ferlenghi, personal communication) .
The contacts within the spike appear to change between the precursor and the mature spike stages. Comparison of the precursor with the mature structure shows that the cavity that lies within the mature spike could not be accommodated in the precursor. E1 must rearrange to form this cavity by filling in the edges of the spike triangle (Kenney et al., 1994) . Interestingly, there is a gap in the skirt near the position of the E1 transmembrane domain that would allow such a movement without disruption of the surface lateral interactions.
The Effect of Low pH on the SFV Spike SFV enters cells via receptor-mediated endocytosis followed by virus spike-mediated fusion with the endosomal membrane. The first investigators to describe this process posited that low pH induced a conformational change in the spike that allowed it to mediate the interaction of the viral and target membrane White et al., 1980) . Subsequent work has established that low pH treatment of the virus spike leads to a dramatic conformational change. The protease resistance of the spike changes after low pH treatment, new antigenic determinants become expressed, and the interaction between E1 and E2 is lost (Bron et al., 1993; Justman et al., 1993; Kielian, 1994; Salminen et al., 1992; . It is also well established that a very stable E1 trimer can be isolated from low pHtreated virus. These steps are all relatively rapid in comparison with the fusion event itself, as shown by the mixing of the lipids from the viral membrane with the target membrane. At 37°C, the early steps are over within a second, while actual mixing of membrane lipids occurs within a period on the order of a few seconds (Bron et al., 1993) . The state that is capable of mediating fusion is metastable; prolonged incubation at low pH leads to complete inactivation within minutes, even at 25°C (Bron et al., 1993; Justman et al., 1993) . One aim of this study is to associate structural features with the biochemical observations and in particular to identify the earliest stages of the process.
The consistent features of the 25 ms and 50 ms low pHtreated virus are centrifugal movement of the E2 region of the spike, centripetal movement of the E1 portion of the spike, and elongation of the spike near the El-E2 interface. During this movement, the skirts connecting the spikes laterally, the membrane, and the capsid remain unchanged. Indeed, it has been shown that the exposure of the capsid to low pH causes it to shrink (Singh and Helenius, 1992) , so that the observation that it remains untouched reflects the integrity of the membrane. Longer incubations (e.g., 1 s at 37°C) lead to a loss of icosahedral symmetry and the formation of what appear to be clusters of membrane proteins on the virus surface as well as some aggregation of virus. These changes occur in the absence of target membrane and hence reflect the changes induced by low pH alone.
The fact that so many features of the virus structure and in particular the skirt-mediated lateral interactions remain intact during the early stages of low pH change reflects the flexibility built into the virus structure. The cavity in the center of the spike triangle stands ready to receive the centripetal movement of El. Similarly, the spike skirt appears to have little interaction with El, and indeed, a hole is visible adjacent to E1 in the neutral pH virus. The movement of E1 decreases the size of the cavity in the center of the spike but does not eliminate it completely. Contact is observed in the center of the spike at a distance 40 A from the membrane, but the base of the spike remains hollow. Hence, at early times after low pH treatment, the base of E1 remains near to that of E2. The relative motion of the two proteins in the El-E2 heterodimer is similar to the swiveling of the forefinger and thumb during the snapping of one's fingers.
The availability of the precursor, low pH, and neutral pH structures of the spike allows the sketching of a model of the interactions that control fusion. The assembly of the spike complex begins with the interaction of E! and p62 to form the precursor heterodimer. The (p62E1)3 spike complex, in which the projecting domain of E1 is distal and p62 more central, is relatively insensitive to low pH. The fusion-activating cleavage of p62 results in a rearrangement to produce the mature triangular spike in which E2 forms the vertices and E1 the edges, generating a cavity in the center of the spike.
Exposure to low pH initiates a series of steps that begins with the rearrangement of the spike so that E2 moves away from the center, allowing E1 to tilt toward the center and allowing a portion of the spike (presumably containing the fusion sequence) to be extended. This movement would initiate the formation of a E1 trimer at the center of the spike. The enormous stability of the isolated trimer would suggest that the El-E1 contacts are quite extensive and hence are not consistent with the relatively weak contacts seen in the center of the early low pH-treated structure. The formation of the stable E1 trimer at the center of the spike complex must occur at a later stage. Centripetal movement of the E1 base would establish such contacts but presumably at the expense of breaking the ordered surface of spikes. Such a breakdown would be necessary for rearrangements of the surface, such as are seen by 1 s after low pH treatment. In this model, the early effects of pH are the swiveling movement of E1 and E2 and the elongation of the spike. To the extent that the comparison of the 25 ms and the 50 ms reconstructions reflects the progression of events, the movement of E2 precedes the elongation. The formation of a stable E1 trimer and the destruction of the surface array would be later events that follow from these movements. X-ray diffraction work on the Sindbis virion at low pH is consistent with this picture in suggesting the presence of an extension and the lack of change in the nucleocapsid structure (Stubbs et al., 1991) .
The fact that the SFV spike is set to accomplish this dramatic rearrangement may seem paradoxical to those who are used to thinking of proteins as folding to reach their lowest free energy state. How does the spike complex assemble to form a metastable complex that can reach a lower energy state after exposure to low pH? The simplest answer is that it does not. Folding in the ER produces a stable precursor in which the E1p62 interaction is strong. The spike structure is rendered metastable by the cleavage of p62 so that the interaction is weaker and a cavity is left in the spike center. This view would class the SFV low pH transition as one under kinetic rather than thermodynamic control (Baker and Agard, 1994) . The irreversibility of the process and the fact that other perturbants than pH are capable of inducing a similar conformational change support this idea.
The influenza HA remains the best-characterized viral fusion protein, owing to the availability of structures of fragments of the protein at neutral and low pH and extensive biochemical, mutagenesis, and immunocytochemical experiments (Bullough et al., 1994; White, 1992; Wiley and Skehel, 1987; Wilson et al., 1981) . For readers familiar with this SYstem, a comparison of our present results with that system may be useful. The influenza HA is synthesized as a precursor, HA0, that acquires pH sensitivity by cleavage to HA1 and HA2. In the neutral pH form of the trimeric molecule, a portion of HA1 forms the top of the molecule, while the stem is formed by a long HA2 helix surrounded by the remaining HA1 sequence. The fusion peptide is found at the amino terminus of HA2, which is buried in the center of the stem, near its base. HA1 bears the receptor-binding activity. Low pH causes separation of the HA1 tops of the molecule and a profound secondary structural change in HA2 that places the fusion sequence at the distal end of the spike, where it would be able to interact with the target membrane. Movement of the HA1 heads is necessary for this rearrangement, and indeed, their covalent cross-linking inhibits fusion. The low pHinduced conformational change also imparts greater flexibility to the connection of the HA to the membrane so that it need no longer extend radially from the virus surface.
Much of the description of the HA can be carried over to the SFV case if the substitutions HAI-*E2, HA2~E1, and HA0--*E1 p62 are made. E2 bears the receptor-binding activity, while E1 bears an internal putative fusion sequence. Cleavage of the precursor is necessary for the activation of the spike for fusion. Although the HA0 structure has not been determined, the dramatic conformational change seen in SFV suggests that an equally dramatic one may accompany the formation of the metastable mature HA structure. In SFV, as in influenza, the movement of the receptor-binding subunit, E2, is necessary for E1 function in the fusion process. Early events after low pH treatment allow rearrangement within a single SFV spike. Later events lead to the formation of a stable trimer of E1 that is presumably analogous to the influenza TBHA2 structure (Bullough et al., 1994) . One important difference between the SFV fusion mechanism and that of influenza virus is a specific requirement for cholesterol and sphingomyelin in the target membrane. This may indicate that interaction with the target membrane plays an important role in promoting the later conformational changes in the spike. If this view is correct, then interaction with the target membrane would trigger the disruption of the surface lattice of the virus and the increased flexibility that is necessary for the completion of fusion (Fuller, 1994) .
This visualization of the early conformational change that follows low pH treatment of a membrane virus advances our understanding of fusion. The combination of time-resolved cryoelectron microscopy with threedimensional image reconstruction has allowed us to order the first events in this process. It also reveals that an intricate balance of interacting components regulates the orderly progression toward fusion.
Experimental Procedures

Specimen Preparation
Virus was prepared as described previously (Fuller, 1987) . The spraying method of Berriman and Unwin (Berriman and Unwin, 1994) was used for time-resolved cryospecimen preparation (Figure 6 ). Acidification was obtained by using a spray of pH 5.0 buffer (100 mM Tris-HCI containing 1 p~g/ml horse spleen ferritin as a marker) and a grid prepared with 0.5 mg/ml SFV in pH 7.6 buffer (10 mM Tris [pH 7.6]). The sample was held at 37°C by use of a hydrating temperature control device prior to release for vitrification.
Electron Microscopy and Processing
Cryoelectron micrographs were taken with Philips EM400 and CM200 FEG microscopes and scanned at a 20 I~m step size (equivalent to 4 A). Processing of the neutral pH data was as described previously (Fuller, 1987; Stewart et al., 1991; Stewart et al., 1993; V~nien-Bryan and Fuller, 1994) . Refinement was stopped when the free residual approached the residual for the refined data that corresponded to 22 • A for the 50-particle data set.
The reconstruction of the low pH data was less straightforward, and four distinct approaches were used. The first approach employed a model-based technique usinog the neutral pH structure. This method worked to approximately 45 A for a subset (-25%) of the image data. For the second method, we treated the low pH structure as a completely new one and determined the structure by the traditional method of finding orientations based on the common lines in individual images (EMICOFV, EMICOORG). This was successful for less than 10% of the particles; however, interparticle agreement was relatively poor. Method 3: to increase the signal to noise ratio in the reconstructions Figure 6 . Schematic of Sprayer The release of the forceps bearing the grid causes nitrogen gas to be applied to the atomizer so that the grid passes through a mist of pH 5.0 buffer during its fall. The time of fall (t) between the encounter with the spray and immersion in the vitrifying bath of ethane slush is the length of low pH treatment.
of method 2, we applied the quasi-sixfold symmetry present in T = 4. The resulting averaged structure was then used in model-based refinement, as in method 1. This allowed orientation of 30% of the particles and the generation of a new model that (without quasi-sixfold averaging) served to orient 50% of the particles and produce a significantly improved reconstruction. Method 4: since the structure of the T = 4 capsid was often better resolved than the surface of the virion, we attempted a model-based refinement using the capsid (radius less than 240/~,) from the neutral pH reconstruction. This method was successful for 95% of the particles but required that refinment be carried out entirely by EMPFTREFI.
All calculations for the reconstruction were performed on a DEC 7000 AXP running under virtual memory management system (VMS) using the Medical Research Council (MRC) image format. All noncommercial software is available on request from S. Fuller (fuller@EMBL-Heidelberg.DE) and is documented on our World Wide Web server (http://www. EMBL-Heidelberg.DE).
